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ABSTRACT 
 Aquaculture, the process of growing marine plants and animals in the ocean, has 
been rapidly expanding due to increased seafood consumption coupled with the steady 
decrease of wild fish stocks. Increasing environmental concerns due to near-shore farming 
practices have pressured farmers to expand into more energetic open ocean sites. 
Environmental loading in these off-shore sites can deform common non-rigid aquaculture 
fish cages, reducing the cage’s net chamber volume, which can severely impacting the 
health of the rearing fish.  
 Copper alloy nets have emerged as a possible alternative to traditional polymer 
(nylon) twine used in the net chamber of fish cages. Copper alloy nets have a natural 
resistance to marine growth and help prevent fish escapement from predators due to net 
damages. However, little is known of copper alloy’s effectiveness in net chamber volume 
reduction under waves and current. In this study, the volume deformation of a gravity type 
cage system employing copper alloy netting was analyzed.  Numerical modeling tools were 
employed to predict the dynamic and structural behavior of fish cages outfitted with this 
type of netting. Copper alloy and nylon net chamber volume loss were predicted and 
compared. Experimental testing and theoretical predictions were performed to determine 
the needed structural characteristics of the copper alloy netting to properly simulate the 
dynamic behavior. Computational finite element software packages, MSC.Marc Mentat and 
AQUA-FE, were adopted as the primary tools to simulate and analyze the dynamic and 
structural behavior of the gravity fish cages in waves and current. 
xiii 
It was found that the implementation of the bending stiffness associated with 
copper netting yielded little discernible differences when compared to nylon netting. The 
primary factors found to influence the reduction of the copper alloy cage volume were the 







 The growth of global population, presently at 7 billion and projected to reach 9.3 
billion in 2050, will continue to pressure the worldwide food supply (UNFPA, 2011). 
Presently, 16% of the globally consumed animal protein comes from capture fisheries and 
aquaculture. With the wild fish stock population plateauing due to overfishing, aquaculture 
is expected to increase its seafood contributions by 8% a year for the foreseeable future 
(FAO, 2011). The aquaculture industry, however, is still in its infancy with large commercial 
scale operations developed relatively recently (< 40 years), compared to the swine and 
bovine industries (> 300 years). 
 Fish are typically raised in a marine based containment system, where the majority 
float on the ocean’s surface and support a net chamber suspended below the surface. 
Several distinct fish cage configurations are readily available for commercial and private use 
(see Ryan, et al. 2004 for more details). The most commonly utilized containment system is 
called a gravity type cage (See Figure 1).  
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Figure 1: Traditional gravity aquaculture cage with nylon netting 
 This type of cage system traditionally consists of: a main flotation collar made of 
high density polyethylene (HDPE), a polymer (nylon) net chamber which is supported below 
the buoyant collar and a weighted support collar. The lower support collar is typically filled 
with ballast, such as steel chain or other similar dense materials, to keep the net vertical 
and resist deformation. This type of cage system relies on the difference in the forces 
between the weighted lower collar and the main flotation collar to sustain a working 
volume of the net chamber. This dependence on the gravitational and buoyant forces 
allows the design to be susceptible net chamber deformation, which can in waves and 
current decrease the net chamber volume. Significant reduction of the containment volume 
has been documented to occur when the system is subjected to high energy conditions (See 







loss can lead to short-term crowding of the fish population, resulting in a hormonal stress 
response (Ortuno, Esteban, & Meseguer, 2001). If continuous, this response can become a 
health concern for the livestock resulting in suppressed immune systems, depletion of 
energy reverses, decreased growth rates, and muscle breakdown (Harper & Wolf, 2009). 
For gravity type cages, volume loss can be reduced by increasing the mass of the lower 
collar, thus increasing the restoring force of the net chamber (Huang, Hung-Jie, & Jin-Yuan, 
2007).  
 The majority of aquaculture farms are located in protected coastal areas, such as 
bays, estuaries, and fjords. These sites are ideal for gravity type cage systems because of 
minimal environmental loads. They are also in close proximity to the market and other 
related infrastructure, keeping the farmer’s overhead costs low. However, these farm 
locations have been shown to introduce a variety of potential environmental concerns. For 
example, when high fish population densities are constrained to a relativity small region 
with poor water circulation, fecal matter can reach concentrations that are detrimental to 
the surrounding ecosystem (Gill, 2000; GESAMP, 1996).  In addition, antibiotics, pesticides, 
un-eaten feed, and other conditioners used in the farming practice can also have negative 
effects on the surrounding aquatic environment (GESAMP, 1996; Alderman, 1994).  These 
environmental concerns have pressured regulators and farmers to move the farming 
operations to more exposed and energetic sites, where the byproducts may be more easily 
dispersed and help prevent toxic build-ups (GESAMP, 1991). These farm sites can 
experience water velocities approaching 2 m/s and wave events with significant wave 
heights 3 meters or greater in extreme cases. Note that several countries define “exposed” 
4 
differently depending upon their unique coastline and aquaculture operations. For the 
purpose of this study, exposed sites will be assumed to allow uninhibited wave events 
acting on a fish farm.  
 Biological growth, also known as biofouling on fish cages (specifically net chambers) 
can be a significant concern (Cheah & Chua, 1979). This bio-fouling process can have several 
adverse effects on the aquaculture farming practice. Net chamber volume loss can be 
amplified by biofouling due to the increased the projected area (or solidity) of the chamber 
which increases the drag and inertia forces acting on the system, resulting in greater 
volume loss (Swift, et al., 2006). In addition, the increased forces are transferred to the 
mooring and cage structural components. Biofouling can also be a harbinger of 
environmental and health concerns for the stock fish. An increased net solidity can result in 
a reduction of water circulation through the net chamber which can reduce the dissolved 
oxygen concentrations. Additionally, biofouling can become a type of incubator for diseases 
and parasites, potentially causing health concerns for the rearing fish population (GESAMP, 
1996). Therefore, the management of the marine growth on the net chamber is an 
important maintenance procedure that results in an economic burden on the farmer. 
  There have been many proposed bio-fouling resistance tools and techniques 
employed on polymer nets such as coatings, electrolysis, or an alternative net material. A 
widely used method to prevent bio-fouling is a copper based anti-fouling coating for 
polymer nets such as Flexgard®. However studies have shown that paint based coatings 
5 
typically last between 3-6 months in high energetic locations before the paint losses its 
effectiveness (Braithwaite, Cadavid Carrascosa, & McEvoy, 2007).  
 One known solution to limit the accumulation of biofouling is the use of copper 
alloy’s as the net material. Copper alloys have inherit fouling resistance, ideal for marine 
applications (Braithwaite, Cadavid Carrascosa, & McEvoy, 2007). These alloys also provide a 
much higher breaking strength compared to its polymer nylon counterpart. It has been 
documented that predatory animals, such as seals, sharks and even fish, are known to 
damage or break polymer nylon netting which leads to reared fish escapement (Moe, 
Gaarder, Olsen, & Hopperstad, 2009). Antidotal evidence from fish farmers employing 
copper alloy nets have shown increased farm profits due to reduced product loss from 
predation and fish escapement.  
 Most copper alloy research has focused on its fouling resistance, material loss rates, 
or the hydrodynamic characteristics of the netting (Tsukrov, Drach, Decew, & Celikkol, 2011; 
Braithwaite, Cadavid Carrascosa, & McEvoy, 2007; Celikkol, Drach, Tsukrov, DeCew, & Swift, 
2010). Little is known if the copper alloy flexural rigidity and weight would reduce the 
volume loss compared to nylon netting. In this study, the effectiveness of copper alloy nets 
on the reduction of net chamber volume loss was investigated using a combination of 
analytical models, finite element simulations, and laboratory experiments. Previous volume 
deformation studies which focused on polymer netting having no bending stiffness (Huang, 
Hung-Jie, & Jin-Yaun, 2006; Zhao, Yu-Cheng, Guo-Hai, Fu-Kun, & Bin, 2007; Lader, Dmpster, 
Fredheim, & Jensen, 2007). This assumption has worked well when analyzing polymer nets, 
6 
however it is unknown if it is an adequate modeling method to predict copper alloy net 
behavior.   
1.2 Goals/Objective 
The goals of this research were to: 
• Analyze gravity type fish cages with nylon and copper alloy netting in finite element 
analysis software packages under various environmental conditions to obtain 
comparative benchmark results of volume deformation. 
• Generate an analytical model to estimate the resistance to bending of various 
copper alloys and mesh configurations. 
• Conduct laboratory bending experiments of similar copper alloys and net mesh 
configurations to quantify their resistance to bending. 
• Employ a standard finite element analysis software package, utilizing the laboratory 
results and reanalyze the net chamber’s volume change in waves and current.  
• Support future field studies with the design, construction, and deployment of two 
gravity type fish cages with copper alloy nets at a research site in Turkey. 
1.3 Approach  
 In this study, the use of copper alloy netting was investigated to determine its 
effectiveness in reducing net chamber volume loss in various environmental loadings. 
Comparisons were made to traditional nylon net systems in identical conditions. The first 
step was to research and review techniques and methodologies employed by the industry 
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that minimize volume deformation and doubt the typical approaches used when integrating 
copper alloy net into gravity type fish cages. A literature and patent review was conducted 
to review such methods.  
 Using this information as a guide, a commercially sized cage system was then 
designed using standard computer added design (CAD) package and analyzed using a UNH 
developed software package, AQUA-FE. Four different net chamber configurations consisting 
of nylon and copper alloy netting were examined under typical environmental load 
conditions observed in open ocean aquaculture sites. In this analysis the resistance of 
bending from the copper alloy netting was not implemented.          
 This was followed by the development of a simplified analytical model and a series 
of laboratory experiments to quantify the proper material properties and resistance to 
bending of several copper alloy meshes. Three different copper alloy meshes were 
subjected to four-point bending. The resulting load-deflection data was used to determine 
the effective area moment of inertia of the copper alloy wire. These material properties 
were then integrated into second FEA based software package, MSC Marc-Mentat. A cage, 
similar to those previously analyzed, was subjected to similar environmental loads used for 
the AQUA-FE models. The results of the analysis were compared and recommendations on 
the critical parameters to reduce volume loss were proposed.  
 Finally, two gravity type aquaculture cage systems employing copper alloy netting 
arranged in a four-bay mooring grid were designed, modeled, and analyzed using 
SolidWorks 2011, SolidWorks Simulation Xpress, and AQUAFE software packages. The 
8 
systems were then constructed and deployed in a small-scale demonstration site located in 
the Dardanelles, off the coast of Cannakale, for future copper alloy studies. This experiment 




REVIEW OF CAGE TECHNOLOGIES 
 Copper alloy net chambers have been in use by the aquaculture industry since the 
1970’s. Early efforts consisted of suspending a copper alloy mesh from a wooden raft. In 
1984, the International Copper Research Association deployed fish cage utilizing net 
chamber fabricated from 90-10 Cu-Ni expanded mesh, which was secured to a rigid fiber 
glass frame. This cubed shaped cage system was suspended from a wooden boxed raft and 
was deployed off the coast of Maine for four years. The copper alloy and the cage 
configuration worked well in the protected farm site as the system was not designed to 
absorbed large wave or current forces (INCRA, 1984). An example of the expanded mesh, 
along with other types of copper alloy mesh, are shown in Figure 2. 
 
Figure 2: Three traditional copper alloy mesh types used in aquaculture: expanded mesh (left), chain-link mesh (middle), 
and welded mesh (right) 
 In the 1990’s various Japanese farms deployed square and circular floating net pens with a 
“chain-link” type copper alloy net chamber. The chain-link mesh, shown in Figure 3, was 
attached to a ballasted lower support collar. An example of a chain link style net is shown in 
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Figure 4. The use of fish cages employing copper alloy netting into various fish cage 
configurations has been steadily expanding in country’s such as US, Panama, Tasmania, 
Chile, Turkey, China, and Scotland.  
 
Figure 3: Copper alloy in a chain-link type mesh 
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Figure 4: Gravity aquaculture cage utilizing chain-link mesh 
 To ensure that this research would be applicable to the majority of the cage systems 
in use, and be able to understand distribution of various cage systems used by the industry, 
a domestic and international patent review was initiated (EcoSea, 2008; DeCew, Drach, 
Celikkol, & Chambers, 2009). All aquaculture related patents acquired between the years 
1960 and 2008 were researched and categorized to obtain the state of the art in cage 
systems and fouling resistance technologies. A total of 157 patents were reviewed and 
classified into the following categories: 
• Fouling Resistance Technologies/ Methods 
• Anti-corrosion Technologies/ Methods 
• Fish Cages Systems 
• Harvesting Systems 
12 
• Mooring Systems 
• Shellfish Systems 
• Marco Algae Systems 
• Miscellaneous (individual components or other small inventions associated w/ 
aquaculture) 
The distribution of the categorized aquaculture patents is shown in Figure 5. 
 
Figure 5: Classification of aquaculture patents in categories 
 As can be seen in Figure 5, almost two-thirds (64.9%) of the awarded patents are 
associated with antifouling technologies and fish cage systems. The antifouling patents 
were further reviewed and subcategorized into following sections:  
• Coating Technologies 
• Material (copper alloys, aluminum alloys, plastics, etc.) 
13 
• Electrolysis Techniques 
• Impounding (impounding one material into another)  
 The majority of the patents were found to focus on various coatings or paint 
technologies for polymer nettings. The patents related to different materials focused 
mainly on metal alloys and plastics associated with the aquaculture cage structure, such as 
rigid frames.  A distribution of the categorized fouling resistance patents is shown in Figure 
6. 
 
Figure 6: Classification of fouling resistance patents 
 The majority of the aquaculture patents were associated with fish cages. Following a 
standard classification for aquaculture cage systems, proposed for example by Loverich, 
2000, the cages were categorized into the following categories: 
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2.1 Rigid/ Semi-rigid Systems 
The rigid and semi-rigid type systems are cages that maintain their rearing fish containment 
volume by self-tension or self-supporting rigid members to maintain a three dimensional 
rigid structure (see Figure 7). These rigid members allow the absorption of high loads while 
maintaining a constant net chamber volume. The rigid framework also provides a structure 
for the attachment of instrumentation or other accessories for data acquisition. However, 
this system presents a constant projected area, thus may have increased drag loads 
compared to a deformable net pen. The rigid and semi-rigid systems also typically require 
additional infrastructure for construction and deployment. Along with higher capital costs, 
the rigid frame introduces other operational difficulties such as net changing and net 
chamber access for harvesting and inspections. The integration of copper alloys into a rigid 
or semi-rigid cage would require accurate sizing of detailed net panels to allow the net 
chamber to fit properly into the rigid frame. An example of this type of cage system is 




Figure 7: The Ocean Cage Aquaculture Technology (OCAT) cage design with a rigid HDPE support frame  
2.2 Anchor Tension Systems 
 The anchor tension or tension-leg type systems are not widely used in the 
aquaculture industry (See Error! Reference source not found.). These cages rely on 
vertically pre-tensioned mooring lines and flotation members to sustain the containment 
structure. This integrated vertical mooring system reduces its seafloor footprint. However, 
the structural stability of these cage systems in energetic loading conditions is highly 
dependent on the buoyancy at the upper rims, typically requiring large floatation elements 
and mooring blocks. The system’s dynamic motion stability is also reliant on the water 
depth, which limits the operational locations. The integrated mooring and cage system can 
make the deployment and net replacement operations difficult. If copper alloys were to be 
implemented into a anchor tension system, it would require excessive modifications to the 
original system. The mass density of copper alloys net would reduce the system’s net 
buoyant force, requiring additional buoyancy components.  Previous studies have found 
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wear induced by relative motion would be concern with copper netting, which would 
reduce the life expectancy of the net.  
 
 
Figure 8: Example diagram of anchor tension 
2.3 Gravity Systems 
Gravity type cages are typically seen as the most widely used and preferred cage types in 
the commercial fish farming industry due to the simplicity and the cost effectiveness of 
their construction. The most predominate design are constructed from two or more 
concentric floatation pipes from which the net chamber is suspended (See Figure 9). 
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Figure 9: Example model of a gravity type cage system 
 Typically, a series of weights or ballasted rims are connected to the bottom 
circumference of the net chamber to act as the restorative force to maintain the 
containment volume. These cages depend on the gravitational and buoyancy forces to 
provide the tension in the net chamber that sustains the structure’s containment volume. 
The dependency on these two forces makes of the net chamber volume susceptible to 
deformation due to environmental forces. The simplicity of the cage design allows changing 
of the nets, and feeding and harvesting to be straight forward. The design also provides 
simple integration of copper alloy net without requiring any additional modifications to the 
structure. 
2.4 Cage Classification 
 The systems can further be subdivided into surface and subsurface designs. The 
distribution of the categorized fish cage patents are shown in Figure 10. However, due to 
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the limited use of submersible fish cages by the aquaculture industry, these systems were 
not examined further.  
 
Figure 10: Classification of fish cage system patents 
 As shown in Figure 7, most common and researched focus was the gravity type 
system. Although this does not explicitly quantify the number of gravity type net pens in 
use commercially, it does show innovation focus associated with this configuration. Gravity 
type fish cage systems were the focus of this research effort due to the high use of this cage 
configuration in commercial fish farms. Prior to selection of this cage type it is important to 
understand how copper alloys could or would be integrated into the 3 cage configurations. 
 For these reasons, the gravity type cage systems were selected for copper alloy net 
integration. The first step in understanding the copper alloy net fish cage dynamics is to 
analyze the system under typical exposed farm site conditions using existing modeling 
techniques. The current state of the art technique to predict and simulate net chamber 
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volume deformation is done by representing the net chamber as a catenary system with 
traditional polymer nets, for example, (Huang, Hung-Jie, & Jin-Yuan, 2007; Lader, Dmpster, 
Fredheim, & Jensen, 2007). Copper alloys have very different material properties, thus will 
require different simulation techniques and a better understanding of the proper geometric 




CAGE DEFORMATION  
 As presented in Chapter 2, gravity type cages employing polymer net chambers are 
presently the most widely used systems in commercial aquaculture operations. These 
systems are susceptible to net chamber volume loss, thus impacting fish welfare and growth 
rates. Techniques and methods to reduce polymer net chamber deformation have focused 
on altering the net solidity and/or increasing the weight of the lower rim (Huang, Hung-Jie, 
& Jin-Yuan, 2007; Huang, Hung-Jie, & Jin-Yaun, 2006; Lader, Dmpster, Fredheim, & Jensen, 
2007). The use of copper alloys in the netting is still relatively new, thus there is limited data 
on the effectiveness of employing this material to reduce the net chamber’s volume 
deformation. The effect of the net material mass, mass distribution, and resistance to 
bending on the fish cage dynamics needs to be understood. Prior to performing laboratory 
experiments to determine the alloy’s material properties and mechanical characteristics, a 
feasibility study was conducted and investigated the mass and mass distribution effect on 
the fish cage net chamber. To simulate the dynamics of various net chamber configurations, 
the UNH developed software package, AQUA-FE, was employed. Four net chamber 
configurations were selected and analyzed under a variety of environmental load conditions 
categorized for off-shore aquaculture sites. A method of calculating the net chamber 
volume from the simulation output results was also developed. 
21 
3.1 AQUA-FE Software Package 
 The FEA software package, AQUA-FE, was developed by UNH to analyze complex 
mooring and catenary structures in the marine environment. AQUA-FE uses the modified 
Morison equation to apply the appropriate hydrodynamic loads to prescribed cylinder or 
spherical elements (Tsukrov, Eroshkin, Fredriksson, Swift, & Celikkol, 2003). The drag 
coefficients can be set to update at each time step based on the Reynolds number or 
remain constant. An important aspect of AQUA-FE is its efficient ability to manage non-linear 
dynamics associated with large displacements. The software employs the Lagrangian 
formula method to account for the large displacements. AQUA-FE utilizes MSC Marc/Mentat 
as its user interface (UI) for the model creation and for the pre/post-processing of the 
results data. 
 The software can apply regular (small amplitude) waves, irregular waves, stokes 2nd 
order waves, and current profiling to a system and output nodal positions and element 
tensions. The software has a variety element types in its library, including truss, spherical, 
non-linear, consistent net, and stiffener elements. However, AQUA-FE currently does not 
have the capability to analyze beam type elements, necessary to properly represent a 
component with a resistance to bending. Thus, this initial investigation examined the 
copper alloy and nylon net chamber’s dynamic response with truss elements.  
 AQUA-FE has been used extensively to study a variety of aquaculture systems with 
the steady-state dynamics correlating well to both physical model testing and in-situ 
experiments. Note that in this document steady-state is referred to as the continuous stable 
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dynamics of any observed feature over a given time period. More information on the 
software can be found DeCew, et al., 2010 and Tsukrov, et al., 2003.   
3.2 Load Cases 
 There are typically two major types of environmental load conditions that are 
considered for simulating aquaculture systems: oceanic currents and waves. Thus, the 
environmental loads exerted by currents, waves, and the co-linear combinations of the two 
were used to develop the load cases. The selected wave periods and heights, along with 
current velocities were based on acceptable prescribed off-shore aquaculture site 
conditions as described in Ryan, 2004. These exposed or off-shore sites can be expected to 
experience significant wave heights between 1-3 meters (greater for storm events) with the 
majority of the wave energy density in the wave period range of 3 – 13 seconds. All cases 
assumed a water depth of 50 meters. To limit the number of simulations but still obtain a 
full range of conclusive results, a total of 11 different load cases were chosen, as seen in 
Table 1. Load cases 1 through 3 (LC1-3) applied a current velocity that was constant with 
water depth. Load cases 4 through 7 (LC4-7) applied regular progressive waves with wave 
periods ranging from 5 to 11 seconds and wave heights ranging between 2 to 5 meters. 
Load case 8-11 (LC8-11) applied a co-linear combination of a 1m/s current velocity with the 
wave load cases (LC4-7). Details of the load case parameters are presented in Table 1. 
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Table 1: Aqua-FE simulated loading condition parameters 
3.3 AQUA-FE Cage Model Design 
 A commercial sized, cylindrical gravity cage system was selected as the base control 
fish cage configuration. The system had a diameter of 20 meters and a net chamber depth 
of 10 meters. This structure resulted in a static net chamber volume of 3140 m3, and was of 
similar geometry to a commercially sized cage presently utilized in down-east Maine fish 
farms. The buoyant rim was composed of two concentric floating collars constructed of 400 
mm diameter high density polyethylene (HDPE) pipes and the lower rim consisted of a pipe 
diameter of 90 mm which were connected together via the net chamber. 
The net chamber had a solidity of 17.1% (where solidity is the ration of projected 
area to outline area), and a twine diameter and mesh opening of 2.54mm and 25mm, 













1 V025 0.25 - - -
2 V050 0.50 - - -
3 V100 1.00 - - -
4 W05 - 5 2 39
5 W07 - 7 3 76
6 W09 - 9 4 126
7 W11 - 11 5 189
8 V100W05 1.00 5 2 39
9 V100W07 1.00 7 3 76
10 V100W09 1.00 9 4 126
11 V100W11 1.00 11 5 189
SIMULATED LOAD CONDITIONS
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et al., 2011, was used in this study. The detailed breakdown of cage framework design 
parameters are shown below in Table 2. 
 
Table 2: Cage framework model parameters 
 The cage constructed in Aqua-FE can be seen in Figure 11. To help minimize 
discretization error, but allow for efficient computational run time, the maximum element 
length did not exceed a model length of one meter. Thus, the AQUA-FE model ultimately 
consisted of 1969 nodes and 2960 elements.   
COMPONENT PARAMETERS SIZE/PROPERTIES
Material ……………………………………….  HDPE
Pipe Wall Thickness (mm) ………….. 36
Pipe Diameter (mm) ………………….. 2x400
Collar Diameter (m) …………….……… 20
Total Mass (kg) …………………………… 5250
Young’s Modulus (GPa) ……………… 8.9
Material ……………………………………….   HDPE
Pipe Wall Thickness (mm) ………….. 1.9
Pipe Diameter (mm) ………………….. 90
Collar Diameter (m) …………….……… 20
Young’s Modulus (GPa) ……………… 8.9
Twine Diameter (mm) …………………… 2.54
Number of Twines per Element ……. 35.52
Twine Diameter (mm) …………………… 2.54
Number of Twines per Element ……. 33.73
  -LOWER SUPPORT COLLAR-
  -NET CHAMBER (SIDE)-
CAGE FRAMEWORK MODELED PARAMETERS
 -FLOATATION COLLAR-
  -NET CHAMBER (BOTTOM)-
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Figure 11: Aqua-FE cage model 
 In Aqua-FE, the elements that represent the net chamber in each configuration were 
modeled using the consistent net element. This unique element type replicates a section of 
net’s proper hydrodynamic forces related to its drag, inertia, and buoyancy forces, as well 
as its associated weight and elastic forces for each element (Tsukrov, Eroshkin, Fredriksson, 
Swift, & Celikkol, 2003). The rigidity of the upper and lower collars was provided by a series 
of inter-connected stiffener truss elements. These stiffener elements do not contribute to 
the cages hydrodynamic, inertia, or mass characteristics, yet allow the collars to maintain 
their shape without altering systems dynamic response (See Figure 12).  
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Figure 12: Cage collar triangular truss supports 
3.3.1 Net Chamber Configuration 
  To investigate the effects of copper alloy netting on system deformation, four 
variations of the net chamber were analyzed. Each configuration had identical sized net 
chambers and upper and lower collars. All netting had identical solidities and wire/twine 
diameters. Four net chambers were examined: a system with all nylon netting, a system 
with all copper alloy netting, and two hybrid configurations. These are described in more 
detailed the following section.  
  The first configuration had the entire net chamber made of nylon netting and was 
selected to be the benchmark or “control” system. The net chamber was tensioned by a 
weighted lower collar (12.1kg/m), similar in weight to those used in commercial operations 
(Huang, Hung-Jie, & Jin-Yaun, 2006; Fredriksson, DeCew, & Tsukrov, 2007). The nylon net 
had solidity of 17.1% with a twine/wire diameter of 2.5 millimeters. The resulting reserve 
buoyancy of the system was a 9780kg. The system characteristics can be seen Table 1.   
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 The second configuration supported a copper alloy net chamber. The lower collar 
was modeled as a flooded pipe with a linear mass of 6.5kg/m, making it nearly neutrally 
buoyant. Additional weight was not required in the lower collar because the total mass of 
the copper alloy net provided the needed restorative forces to maintain the working 
volume (Celikkol, Drach, Tsukrov, DeCew, & Swift, 2010).  Due to the increased mass of the 
netting, the reserve buoyancy of this system was decreased by 12.5% (8850kg). 
 Two-hybrid configuration were analyzed to isolate and compare the dynamic affects 
associated with the total mass, mass distribution and the drag coefficient of the net 
chambers. The third (first hybrid) configuration was similar to the nylon benchmark 
configuration, but the lower rim’s mass was altered to obtain the same reserve buoyancy as 
full copper alloy net chamber (Configuration 2). The final (second hybrid) configuration had 
a net chamber having the density of nylon but with the drag coefficient associated with 
copper alloy. The lower collar was similar to the third configuration, so the reserve 
buoyancy of the cage remained constant. This configuration will isolate the effect of copper 
alloy’s evenly distributed mass on the net chamber volume loss and for example the effect 
of the drag coefficient. The detailed breakdown of each cage configuration and the model 




NET CHAMBER CONFIGURATION PARAMETER 
COMPONENT PARAMETERS 
NET CHAMBER CONFIGURATIONS 
1 2 3 4 
 -CHAMBER NETTING- 
Material Density (kg/m³) ….… 1140 8333 1140 1140 
Young’s Modulus (GPa) ………. 4 103 4 4 
Drag Coefficient………………….. 1.813 0.736 1.813 0.736 
  -LOWER SUPPORT COLLAR- 
Density (kg/m3) …………………… 1905 1020* 2910 2910 
Linear Weight (kg/m)………….. 12.1 6.5* 18.5 18.5 
 -CAGE SYSTEM- 
Reserve Buoyancy (kg) ……….. 9780 8850 8850 8850 
*Flooded Lower Collar     
 
Table 3: Model parameters for nylon and copper cages 
3.4 AQUA-FE Model Boundary Conditions 
 Two simplified boundary conditions were used in the volume deformation 
comparison studies. For Load Cases 1 through 3 (Current Only), the boundary conditions 
were set so the floatation collar of the cage system was fixed in all x, y, and z directions at 
the free surface of the sea level (as shown in Figure 13). Load cases 4 through 11, however 
are dynamic and introduce vertical forces/motions. Therefore, a basic mooring system was 
needed to provide the vertical and horizontal freedom necessary to accurately predict the 
net chamber volume change. Since the applied forces are unidirectional, a simplified single 
point tether was utilized. The tether had a length of 50m, had similar material properties as 
the stiffener elements, the free end of the tether was fixed at the water’s surface (as shown 
in Figure 14). 
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Figure 13: Fixed flotation collar on cage model was used for current only load cases  
   
 
Figure 14: A 50m length single point mooring was utilized for the cage model for wave load cases  
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3.5 AQUA-FE Volumetric Calculation Techniques 
 There are numerous methods and techniques to calculate the volume of an object. 
However, since AQUA-FE only provides nodal displacements, only discrete methods were 
considered. Like most volume computational methods, the accuracy of the calculated 
volume to the true volume is largely based on the level of discretization of the model 
and/or the number of monitored locations on the model at any given time. To balance 
computational efficiency and accuracy of the calculated volume, 176 evenly distributed 
nodes on the net chamber were tracked in the simulation (as seen in Figure 15). 
 
Figure 15: The tracked nodes for volume calculations are marked by the purple points 
 The 176 tracked nodes were evenly distributed around the circumference and depth 
of the net chamber.  16 nodes were monitored around the circumference (approximately 
every 4 meters) and 11 nodes along the depth of the cage (every 1 meter). Minimal 
movement of the bottom net section occurred in all simulations; therefore, no nodes were 
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tracked on the bottom of the net chamber.   The node position in X, Y, and Z space for each 
time step was exported and used for data processing. 
 Three different methods of calculating the volume of an object through known 
points located on the surface were considered: the Scalar Triple Product, the Divergence, 
and the Delaunay Triangulation methods. These methods calculated the instantaneous 
volume; thus, the volume of the net chamber as a function of time could be obtained. The 
volume calculations were performed in Matlab. A brief description of each method and the 
mathematical equations used to determine the instantaneous volume is described in the 
following sections. 
3.5.1 Scalar Triple Product Method   
 The first approach, was the Scalar Triple Product method (Huang, Hung-Jie, & Jin-
Yaun, 2006). The approximate volume is calculated by representing the cage as a series of 
stacked geometric disks. The representative disks are labeled into M levels and divided into 
N sectors where each sector is then divided into three tetrahedrons (as shown in Figure 16). 
 
Figure 16: Volume calculation with scalar triple product principle. Cylindrical volume shown would represent the model 
in its undeformed state. When loaded, the structure would deform into a series skewed stacked disks 
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Using the principle of scalar triple products, the volume of each tetrahedron was calculated. 
Summing all the tetrahedrons that compose the representative geometric structure yielded 
the approximate volume, which was calculated using the following equation: 
                        ∀= ∑
1
4
|𝐴𝑖⃑⃑  ⃑ × 𝐵𝑖⃑⃑  ⃑ × 𝐶𝑖⃑⃑  ⃑|
𝑁
𝑖=1     [1] 
where ∀ is the total volume, N is the total number of tetrahedrons that comprise the 
volume, and 𝐴 , ?⃑?  ,and 𝐶  are the vectors that construct the geometry of the tetrahedron.  
 This approach required the AquaFE output to be post processed. Since AQUA-FE only 
provides nodal displacements, the original nodal positions were added to their displaced 
values for each time step, resulting in the chamber’s global coordinates. Additionally, a 
nodal map (a description of each nodes name and position) and center points of each “M” 
level was required. The center points were approximated by the average of all the points on 
each corresponding “M” level. This allowed the proper node formation of the tetrahedrons 
required for the calculations.  However, this method introduces many complexities such as 
when geometric planes (M levels) intersect with neighboring ones. These geometric 
exceptions required Equation [1] to be modified to account for the error of additional 
volume to not be introduced. The Matlab scripts used to process this volume calculation 
method can be found in Appendix B. 
3.5.2 Divergence Method 
 The Divergence method uses Gauss’s theorem to approximate the volume of the 
cage. Similar to the previous method, the volume accuracy depends on the amount of 
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nodes used in the model and required similar pre-processing of AQUAFE’s output to obtain 
the proper data format needed for volume calculation. The approximate cage volume can 
be described using the definition of the divergence theorem: 
                            ∭ (∇ ∙ 𝑓)
 
∀
𝑑∀ = ∯ (𝑓 ∙ ?̂?)𝑑𝐴𝑠
 
𝑆
    [2] 
where 𝐴𝑠 is surface area of the enclosed volume and 𝑛 is a unit normal vector of the 
volume’s surface plane. If the initial volume is assumed to be unity (∇ ∙ 𝑓 = 1), then the 
integration at the left-hand side of the equation becomes the total instantaneous volume of 
the enclosed surface (𝑆). Like the Scalar Triple Product method, the nodal positions were 
used to create the surface of the net chamber. For every three nodes, a triangular planar 
surface element was formed. This process was repeated for all the tracked nodes resulting 
in a discrete finite form of the surface area (as shown in Figure 17). 
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Figure 17: The Divergence method calculates the volume by segmenting its surface into discrete triangular planar 
elements 
The divergence theorem was then used to define the surface area by summing all triangular 
surface elements, yielding an approximate volume of the net chamber, as shown in the 
following equation:  
        ∀ = ∑ (𝑥𝐺𝑖𝑖̂ + 𝑦𝐺𝑖𝑗̂ + 𝑧𝐺𝑖?̂?) ∙ 𝑅21𝑖
⃑⃑ ⃑⃑ ⃑⃑  ⃑ × 𝑅31𝑖
⃑⃑ ⃑⃑ ⃑⃑  ⃑𝑁
𝑖=1    [3] 
where 𝐺𝑖 is the geometric center of a triangular planar element, and 𝑅21𝑖  and 𝑅31𝑖  are 
vectors of a triangular planar element. For implementation into Matlab, Equation 3 was 
rewritten in terms of Cartesian coordinates: 
  ∀ =
1
6
∑ (𝑥𝐺𝑖𝑖̂ + 𝑦𝐺𝑖𝑗̂ + 𝑧𝐺𝑖?̂?) ∙ [
(𝑦21𝑧31 − 𝑧21𝑦31)𝑖̂ +





𝑖=1   [4] 
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Unlike the Triple Scalar Product method, no addition geometric exceptions are needed in 
the scripting process. The Matlab scripts used to process volume using the Divergence 
method can be found in Appendix B. 
3.5.3 Delaunay Triangulation Method 
 The Delaunay Triangulation Method is an algorithm that produces a series of 
triangles or tetrahedrons from the known points such that no point is inside the 
circumcircle of any triangle or tetrahedron. The results predicted by the approach are not 
unique; therefore, the solution might vary based on the algorithm and the selected nodal 
coordinates. The algorithms used to determine the instantaneous volume were Matlab’s 
prescribed Delaunay Triangulation function in conjunction with Matlab’s Convex Hull 
function (Matlab, 2011). The Matlab scripts used to process the volume using the Delaunay 
Triangulation method can be found in Appendix B. 
3.5.4 Volume Calculation Method Comparison  
 To select which volume approximation to use for this study, the volume predictions 
of one cage system were compared under static and dynamic load cases.  Several 
parameters of the methods were compared such as calculation time, computational 
stability, scripting simplicity, and accuracy to determine the best candidate for use. The 
standard copper alloy net model (configuration 2) was used for comparison study. The static 
(no waves or current loading) volume calculated by each method produced similar results 
(around 3060 m³) with variations of ±0.5 m³. To investigate the volume approximations 
under dynamic conditions, load cases 9 was selected (Wave height [3m], period [9s], length 
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[76m]). The results of the volume predictions for all three methods are presented in Figure 
18. 
 
Figure 18: Copper net cage volume deformation for load cases 9 - wave height [3m], period [9s], length [76m] 
The percent volume of the net chamber compared to the static volume (3060 m³) is shown 
as a function of time. It can be seen that by 50 seconds, the volume prediction methods 
enter a steady state behavior. The Triple Scale Product and Divergence method’s produced 
nearly identical volume net chamber loss results and Matlab’s processing time to calculate 
the cage volume. Compared to the other method, the Delaunay Triangulation method 
seemed to overestimate the total instantaneous volume by approximately 15%. The volume 
calculations however were computed seven times faster compared to the other methods. 
The difference in the volume approximation was assumed to be from its non-unique 




























compared in Table 4. As a result of this comparison study, the Divergence method was 
chosen to be used for all further volume calculations due to its accuracy and 
computationally stability. 
 
Table 4: Volume calculation comparative results  
3.6 AQUA-FE Volumetric Deformation Results 
 Using the Divergence method, the volume deformation values were calculated for 
the four different net chamber configurations. The values were taken at a steady-state 
condition, which occurred consistently after 200 seconds of simulation time. A time step of 
0.005 seconds was used to ensure proper convergence during the numeric simulation. The 
results of each load case and cage configuration are presented in Table 5. The volumetric 
deformation for the load conditions that involved waves (LC 4-11) yielded sinusoidal net 
chamber volume predictions. Therefore, the mean, maximum, and minimum values of the 
cage volume were obtained. The volume deformation values are shown as the percentage 
of the volume remaining from its static value. 
METHOD TIME ACCUARACY SIMPLICITY
Divergence ………………….……. 1:47 s high medium
Triple Scalar Product ………… 1:49 s high low
Delaunay Triangulation ……. 0:16 s low high
VOLUME CALCULATION DISCION MATRIX
_____________________________  COMPUTATIONAL VARIABLES ____________________________
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Table 5: AQUA-FE volumetric deformation results   
 To illustrate the difference in volume loss between each configuration, the 
comparative differences between the benchmark values and that of the different net 
chamber configurations were calculated and are presented in Table 6. The results were 
displayed as the percent improvement over the benchmark net chamber configuration. 
 
Table 6: AQUA-FE comparative volumetric results  
1 2 3 4 5 6 7 8 9 10 11
Mean …………….. 95% 75% 34% 94% 93% 93% 91% 27% 30% 33% 32%
Max ……………….. - - - 97% 98% 98% 98% 32% 41% 45% 49%
Min …………………. - - - 92% 87% 83% 80% 22% 19% 17% 14%
Mean …………….. 97% 90% 57% 91% 93% 92% 91% 45% 40% 37% 42%
Max ……………….. - - - 94% 96% 97% 97% 51% 55% 61% 69%
Min …………………. - - - 88% 90% 82% 80% 38% 25% 19% 16%
Mean …………….. 97% 83% 43% 95% 94% 92% 92% 35% 38% 38% 38%
Max ……………….. - - - 97% 99% 99% 99% 40% 48% 52% 55%
Min …………………. - - - 93% 88% 85% 82% 30% 27% 23% 20%
Mean …………….. 97% 94% 68% 95% 93% 92% 92% 57% 59% 58% 55%
Max ……………….. - - - 99% 99% 99% 98% 65% 73% 75% 75%










1 2 3 4 5 6 7 8 9 10 11
Mean …………….. 2% 21% 66% -4% -1% -1% 0% 68% 37% 12% 33%
Max ……………….. - - - -3% -2% -1% -1% 57% 34% 34% 43%
Min …………………. - - - -3% 4% -1% -1% 75% 30% 10% 17%
Mean …………….. 1% 11% 24% 1% 0% -1% 1% 29% 28% 17% 21%
Max ……………….. - - - 0% 0% 0% 0% 24% 18% 16% 14%
Min …………………. - - - 1% 2% 2% 2% 37% 39% 39% 44%
Mean …………….. 2% 25% 98% 1% -1% -1% 1% 112% 98% 76% 75%
Max ……………….. - - - 2% 0% 0% 0% 101% 76% 65% 54%











 At the most severe load condition, load case 11 (11 sec. wave period and 1m/s 
current velocity), the standard nylon net chamber’s volume was reduced to a maximum of 
14% of its original volume. The copper alloy net chamber showed an improvement over the 
control configuration (Configuration 1) by a maximum of 43% and minimum of 17%. 
Configuration 3 showed similar results to that of Configuration 2. However, Configuration 4 
yielded the greatest improvement with a 54% and 151% increase when compare to the 
maximum and minimum volume of Configuration 1’s. 
3.7 AQUA-FE Volumetric Deformation Discussion   
 A comparative investigation was conducted to investigate the differences in 
volumetric loss between the nylon and copper alloy net chamber configurations. Four total 
net chamber configurations were modeled, two of which to isolated several of copper 
material, mechanical, and hydrodynamic properties that would contribute to its dynamic 
behavior. The following net chamber parameters were analyzed: the total mass, the drag 
coefficient, and the evenly distributed mass components for the net chamber. 
 The standard nylon net chamber (Configuration 1) and the copper alloy net chamber 
(Configuration 2) were both modeled having typical net chamber characteristics. The other 
two configurations (Configuration 3 and 4) were represented to be hybrids between the 
nylon and copper alloy net chambers. Configuration 3 had nylon’s drag coefficient and mass 
distribution but had the total mass of the copper alloy’s net chamber; this isolated any 
effect of the system dynamics due to the total mass of the system. Configuration 4 had 
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copper’s drag coefficient and total mass but had located this weight at the lower collar (not 
distributed throughout the net chamber like copper).   
 Analyzing these comparative results, along with the benchmark allowed the 
determination of the negative and positive attributes of a copper alloy net chamber that 
influences the volume loss of the system. The largest parameter effect was the lower drag 
coefficient of the copper alloy, which can be seen comparing the results of Configurations 3 
and 4. The increased mass of the system increased the inertial forces, and in most cases also 
helped reduce the volumetric loss of the system; which was backed out from the 
comparison of Configuration 1 and 3.  By comparing configurations 1, 2, and 3, it can be 
seen that increased system mass generally reduced volume loss, but was significantly more 
pronounced if it were focused in the lower rim. Regardless of the net chamber 
configuration, the wave only load conditions (LC 4-7) comparatively produced near identical 
results for all four of the net chamber configurations.  
 In conclusion, it was demonstrated that the copper alloy does perform better when 
comparing net chamber volume loss configuration to that of a nylon net chamber of similar 
weight. However, the distributed mass contributed from the copper alloy net has 
detrimental effects on the net chambers’ volume systematic performance.   Additionally, it 
was shown that decreasing the drag coefficient and increasing the mass of the net chamber 
can significantly reduce the volumetric loss; however there is a limit to the amount of mass 
that can be placed in the lower collar due to the net material’s breaking strength. For 
example, in Load Case 11, the max net twine tension was found to be 260N. With braided 
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nylon’s material breaking strength typically being around 500N for the size of twine used, 
the total maximum impact tension approaching over half of the breaking strength. Thus, 
copper alloy net chambers have two distinct advantages over nylon netting, the maximum 





MECHANICAL PROPERTIES OF COPPER NETTING 
4.1 Copper Alloy Mesh in Aquaculture Cages  
In Chapter 3, the effect of the copper alloy weight and drag coefficient was analyzed 
using the FEA software, AquaFE. This approach did not incorporate any resistance to 
bending that the alloy might provide. In this section, the mechanical properties of the most 
widely used copper alloy net geometry are determined via analytical calculations and 
laboratory experiments.  
The most widely used copper alloy net on aquaculture cages is the “chain-link” type 
mesh. This type of net, shown in Figure 19, is typically hung with pickets in the vertical 
(warp) direction. This mesh orientation limits twisting of the wires (pickets) and allows each 
one to be structurally independent of its interconnected/linked neighbors. Thus, if any 
single picket fails, structural integrity at the net chamber is maintained (unlike if pickets 
were oriented in the horizontal direction).   
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Figure 19: Chain-link mesh diagram 
 In this orientation, an individual picket will provide some bending resistance, 
dependent on its material and geometric properties, to help minimize net chamber 
deformations. Note that this resistance to bending is only presented when loaded in the 
warp direction of the mesh; compression of the pickets in the weft direction would be 
unrestricted. Ideally, to simplify the finite element mesh, the net chamber would be 
represented by a series of vertical cylindrical beam elements. Recall that traditionally net 
chambers have been represented in other software packages using truss elements which do 
not allocate any bending resistance properties. Assuming the net chamber could be 
represented as a series of vertical beams, each element’s material and physical 























where 𝐸 is the Young’s modulus, 𝐼 is the moment of inertia, 𝜃 is the rotational deflection, 𝑠 
is the segment length, 𝑇 is the tension in the beam, and 𝑊 is the loads acting on the beam 
per unit length.  
 When analyzing traditional nets (i.e. nylon), 𝐸𝐼 is assumed to equal zero. For copper 
alloy nets, the 𝐸𝐼 term needs to be understood and quantified. However, the copper alloy’s 
complex geometry of the mesh makes it difficult to easily implement in the FEA software 
packages. This chapter will investigate the behavior of copper alloy meshes in bending, 
using analytical and experimental techniques, to obtain an average area moment of inertia 
(𝐼) along the warp direction necessary for further numerical analysis of the system. 
4.2 Copper Alloy Meshes 
 Three of the most commonly utilized copper alloys mesh types were chosen for 
analysis. A sample of each specimen was obtained where each had difference in mesh 
openings, wire diameters, or alloy compositions. All the samples were a “chain-link” type 
mesh. The first sample had a 2.5mm wire diameter and a 25mm mesh opening. The alloy, 
BlueSteel, was manufactured by Wieland-Werke, at Ulm, Germany (See Figure 20). The 
second sample had a 3.5mm wire diameter and a 50mm mesh opening. The material, 
Seawire, was manufactured by Luvata Appleton located in Kimberly, Wisconsin (See Figure 
21). The third sample had a 2.5 mm wire diameter and a 25 mm mesh opening. The alloy, 
UR30, was manufactured by Mitsubishi Shindoh Co. at Tokyo, Japan (See Figure 26).  
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Figure 20: Chain-link net mesh made from BlueSteel 
 
Figure 21 : Chain-link net mesh made from Seawire 
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Figure 22: Chain-link net mesh made from UR30    
 As previously stated in Section 3.3, the UR30 specimen is the same alloy and mesh 
used in the study by Tsukrov, et al., 2011. In addition to the three mesh samples, a straight 
section of UR30 alloy wire with the same diameter as the mesh specimen was obtained to 
be used as a control specimen. The material and mesh properties of the three net 
specimens are shown in Table 7.   
 
Table 7: Material properties of the copper-alloy meshes  
UR30 Seawire Bluesteel
Alloy Type …………………… Yellow Brass Silicon Bronze Yellow Brass
Mesh Opening ……………. 25mm 50mm 25mm
Wire Daimeter ……………. 2.5mm 3.5mm 2.5mm
Young’s Modulus ……….. 103 GPa 117 GPa 103 GPa
Shear Modulus …………... 39 GPa 45 GPa 39 GPa
Poisson’s ratio ……………. 0.346 0.307 0.346
Density ………………………. 8330 kg/m3 8280 kg/m3 8330 kg/m3




 As previously noted, an average or representative area moment of inertia is required 
to be able to properly analyze the copper alloy mesh in the FEA software packages. This 
information was determined though analytical calculations and laboratory experiments. 
First, an analytical model of the picket was established. A laboratory experiment was then 
conducted to obtain the effective area moment of inertia of the alloys. The analytical 
calculations and laboratory experiments were compared for all four specimens and a 
representation of the moment of inertia was selected to analysis this parameter’s influence 
in resisting net chamber deformation.  
4.3 Analytical Method for Determining Area Moment of Inertia 
 The first step was to construct an analytical model to describe the bending 
resistance, or more importantly, the area moment of inertia of each mesh. This analysis was 
conducted to better understand the mechanical behavior of the material in the 
experimental tests and as a comparison point for the values obtained when estimating the 
moment of inertia. Due to the complex three-dimensional geometry of the wire, the area 
moment of inertia varies along its length (warp direction), thus one can only obtain an 
average value for the area moment of inertia. It was assumed that each picket acted 
independently from the mesh as a whole. The pickets could be further simplified because of 
the geometric symmetry about the Z-X plane; thereby only a segment of the wire was 
analyzed (See Figure 23).   
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Figure 23: Repetitious segment of a picket shown by dashed box   
 To describe the loading experienced in the picket when undergoing bending about 
the Z and Y axes, the strain energy approach was adopted. Each component of strain energy 
(bending [11], shear [12], torsion [13], and axial [14]) was summed to obtain the total strain 

































     [9] 
where 𝑥 is the distance long is warp direction, 𝐿 is the total length of the picket segment 
along the warp direction, 𝑀𝑥, 𝑉𝑥, 𝑇𝑥, and 𝑁𝑥 are the moment, shear, torque, and axial loads 
along 𝑥-direction, 𝐸 and 𝐺 are the Young’s and shear Modulus, 𝐼 and 𝐽 are the area and 




physical dimensions of each picket specimen was measured and implemented into the 
strain energy equations (See Figure 24).  A free body diagram (FBD) of the simplified body 
was created to identify the types of forces acting in the simplified model, shown in Figure 
25. 
 










Figure 25: Free body diagram (FBD) of picket segment 
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 To obtain the total strain energy of the system; an imaginary force 𝐹 was applied to 
one end of the half segment, with the other end assumed to be rigidly fixed. The picket was 
then subjected to a bending load condition. The picket experiences minimal (if any) axial 
strain, therefore it was assumed 𝑈𝐴 = 0. It was assumed that the strain energy from a shear 
force seen within the picket is much smaller than the other two strain energy coefficients; 
hence was neglected for this model. The total strain energy of the system can now be 















    [10] 
Assuming the material behaves linear elastically, the elastic properties can be applied for 




      [11] 
where 𝜐 is the Poisson’s ratio of the copper alloy. By integrating along the length of the 
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  The polar and area moments of inertia of the segment can then be combined into an 









    [13] 
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 In this analytical model, there was three contributors to the equivalent moment of 
inertia are: the wire diameter of the mesh, the Poisson’s ratio, and the angle of the mesh. 









    [14] 
 As previously stated, a straight section of wire of the UR30 copper alloy was used as 
a benchmark comparison. Using the area moment of inertia for a circular cross-section and 
the geometric properties of the mesh, the approximate area moment of inertia was 




𝑟4     [15] 
4.3.1 Analytical Results 
 Using Equation [14] in conjunction with the material properties of mesh specimen, 
the analytical values for the equivalent moments of inertia were found and are shown in 
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Table 8: Analytical approximation of area moment of inertia 
 It can be seen that Bluesteel and UR30 yielded identical analytical values. This was 
due to the relatively similar material and geometric properties. The Seawire, however, with 
its larger wire diameter showed much higher values. This was expected, due to the cubed 
relationship with the wire diameter to the moment of inertia. When comparing the moment 
of inertia of the Z- and Y-axis bending orientation, the Z-axis had a slightly larger in the 
combined moment of inertia. This was due to the cross-sectional area in the Y-Z plane being 
elliptical in the Y-axis orientation, instead of circular for the Z-axis orientation. The straight 
length of UR30 wire yielded nearly double the value for its area moment of inertia to that of 
the comparable picket wire.    
4.4 Experimental Method for Determining Area Moment of Inertia 
4.4.1 Experimental Overview 
 The next step examined the pickets and meshes in bending, allowing experimentally 
derived values of the area moment of inertia to be obtained. Chain-link netting is 
traditionally utilized in terrestrial, rigid frame applications. Hence, information on the 
material and mechanical response properties of this material was scarce.   Additionally, 
there is no publicly available information on the area moment of inertia of copper alloy 
meshes and published experimental standards to determine their mechanical 
characteristics. Therefore, an experimental procedure was developed following, the ASTM 
standard E855-90 were applicable. 
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4.4.2 Preliminary Experiment  
 To devise the best method to determine the area moment of inertia, a simple 
preliminary experiment was performed consisting of three common testing methods used 
to determine the bending resistance of a beam: cantilever loading, three-point, and four-
point loading (See Figure 26). 
 
Figure 26: Four point bending position diagram  
 In each method, the deflection associated with an applied force is measured at the 
point of load contact and used to infer the materials flexural rigidity. Each of these test 
methods was initially conducted to illuminate potential issues that may occur in the more 
rigorous planned experimental tests. These simplified experiments were performed on a 
one square meter panel of the UR30 mesh. For the three- and four-point bending 
experiments, the mesh/picket was simply supported between two tables and known 
weights were added. For the cantilever beam configuration, one edge of the mesh/picket 
was clamped down on the table’s edge with the other edge free standing with weights 
added to the free end. The maximum deflection and picket behavior were observed for 








   
          




Three-Point Loading Four-Point Loading 
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Figure 27: Preliminary simply supported bending experiment for chain-link mesh 
 These preliminary tests revealed several variables that will have to isolated in the 
experimental step up and concerns for the experimental procedure. The potential concerns 
for the experimental setup and design were as follows: 
• The pickets undergo large amount of deformation under relatively small loads  
• Many pickets already contained some amount of irregular curvature or deformation  
• Individual pickets tended to snag on the support edges when loaded  
• Individual pickets, within the mesh, tend to twist and rotate when loaded  
Based upon these tests and experience, the four-point bending configuration was selected 
for further testing. In addition, the four-point bending method has the higher applied load 
per a unit of displacement out of the three methods which helps with the low load that 
need to be measured.   
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4.4.3 Experimental Setup 
 As previously stated, the goal for this experiment was to determine the bending 
characteristics of the copper alloy mesh samples. In order to obtain confident results, three 
critical test parameters were resolved: specimen length, load/deflection measurement 
technique, and test rig configuration. In the field, the ratio of picket length to mesh 
diamond size is large (i.e. 10,000 mm to 25.4 mm). At those picket lengths, the complex 
geometry of the wire behaves more like a geometric homogenous material.  
 This ideal picket length ratio typically seen in commercial sized cages could be 
obtained by preforming manual deflection measurements, like what was used in the 
preliminary experiments. However, the same potential issues as previously discussed could 
still occur. Therefore, an automated approach was chosen which would yield much higher 
measurement accuracies and repeatability. However, without having the appropriate 
testing equipment to test specimens at this length, a more reasonable and manageable 
specimen length (1 meter) was chosen that fit within the limitations of the available current 
resources. 
 A pneumatic uniaxial tension/compression testing machine, Instron 1350, with a 100 
kN load capacity, was used to measure the deflection and apply the loads. The loads were 
measured with a 200lb capacity S-beam type load cell, manufacture by Futek, which was 
rigidly fixed to the Instron testing machine. To obtain the four-point loading boundary 
conditions, a custom apparatus was constructed. The four-point bending apparatus 
consisted of two frames (an upper load and a lower support frame) that could provide a 
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maximum support or load span of 30 inches.  They were constructed from 1-1/2” 
perforated square tubing with a wall thickness of 0.1”. This provided the structural rigidity 
needed to minimize any measurement error due to the deformation of the frame from the 
applied load while the perforations of the tubing allowed for adjustability for the support 
and load spans at 1-inch increments. Quarter inch thick steel mounting plates were also 
fabricated to provide the rigid connection points to the Instron for the two set of frames 
(See Figure 28).  Schematic detailed drawings of the four-point bending frame can be found 
in Appendix C. 
 
Figure 28: Four point bending apparatus overview 
4.4.4 Experimental Procedure 
 As noted in the preliminary experiment, concerns of picket snag and rotation while 
under load would still be evident with this test configuration. Therefore, to prevent of the 












to the support and load armatures. To reduce unwanted picket rotation, square foam blocks 
were formed around the individual pickets which were placed at the load and support 
contact points (See Figure 29). To prevent the pickets in the mesh from rotating but still 
allow freedom of translation in the weft direction, plastic clamps were designed and 
constructed (See Figure 30).  
 
Figure 29: Foam block added to picket to prevent rotation 
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Figure 30:  Mesh clamp for Wieland 50mm mesh 
 Finally, collapsing of the mesh (in the weft direction) was also a concern. Therefore, 
a mechanism was built to tension the mesh specimens. A shaft with two set screw shaft 
collars was used (See Figure 31), where the two set screws would be placed inside the mesh 
in the outer most edges of the weft direction. It would then be tensioned, and the screws 
set fixing the mesh.  
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Figure 31: Mesh expander that prevented movement in the weft plane of the mesh 
 As a test procedure, the ASTM standard E855-90 was used as a guide (where 
applicable). Following the standard, the load applicators were positioned to be centered at 
2/3 of the support span distance. The testing was conducted at two load/support spans: 
one at a distance of 30 inches with a load span of 20 inches and the other at a distance of 
18 inches with a load span of 12 inches. This allowed any effects due to different picket 
lengths to diamond size ratio to be observed. To help ensure accurate results, a series of 
tests were performed isolating possible influencing parameters of the materials bending 
resistance. This included examining the following:  
• Individual Picket Orientation – The picket with the weft and warp orientation 
perpendicular to loading   
• Fixed/tensioned Mesh – The mesh fixed to its maximum weft expansion    
• Loose/Collapsed Mesh – Each picket was free to move in the weft direction 
60 
• Deformation Rate - The rate at which the mesh is deformed 
• Test Specimen Length – The distance apart the load/support is applied 
 The individual picket orientation was performed to determine the bending modulus 
of a single picket in both planes of loading. The fixed/tensioned mesh test investigated any 
effect caused by pre-tension in the netting. The loose/collapsed mesh experiment was 
conducted to determine any potential effect due to linkage interactions. Test specimen 
lengths were varied to quantify if the specimen length were too short to assume a 
geometric homogenous structure. Each test was repeated a minimum of six times to 
determine the variance in the resulting data. After three tests, the specimens were flipped 
to determine any effect of pre-strain in the pickets from pre/post-experimental handling. 
 The four-point bending frames were rigidly mounted in the Instron machine with the 
200lb load cell, as shown in Figure 32. The upper frame was noticed to be susceptible to 
vibration because of the small physical size of the load cell and the mass of the upper 4-
point bending frame. Therefore, care was taken to minimize any structural vibrations within 
the vicinity of the structure (such as minimizing personnel movement). 
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Figure 32: The Instron installed with the 4-Point bending fixture testing the UR30 mesh with end clamps at a 30 in 
support span 
 Prior to each set of experiments, the load cell was calibrated by zeroing it and 
checking it with a 100g precision weight to ensure consistency. The applied load signal from 
the load cell and the displacement signal from the Instron’s LVDT were acquired using a 
data acquisition software package. The sampling frequency of the measurement 
instruments was set to 1.0 kHz.  
4.4.5 Experimental Result  
 Prior to any experimental test, each mesh type was subjected to a series of tests to 
determine the displacement points of the bending frames at which the mesh permanently 
deformed. This was done by loading each mesh to a known displacement from the mesh’s 
resting position. The specimen was then unloaded and checked for any permanent 
deformation. This test was then repeated with ever increasing displacements in a trial and 
error process. No significant permanent deformation was found even at the maximum 
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curvature producible by the 4-point bending frames. As shown in Figure 33, the maximum 
curvature was achieved at a displacement of approximately 35mm, at which the mesh 
started to slide along the simply supported ends.  
 
Figure 33: Load vs. displacement curve - Seawire 50mm mesh: the maximum curvature was achieved at a displacement 
of approximately 35mm 
Similar results and operating limits were found with the other meshes. This data was then 
used to determine the operating curvature limit of the net. Assuming the mesh deflection 
follows a 4th order polynomial (same as a beam), the maximum curvature will occur at the 
center of the support/load span and can be calculated using the following equation: 





     [16] 
where the primes refer to derivatives with respect to 𝑥, 𝑦  is the vertical deflection, 𝑥  is the 
horizontal position, and 𝜅  is the curvature. From this, the operating curvature limit of the 
bending fixture is about 2.9m-1 or radius of curvature of 0.35m.  
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 The next experiment examined the rate of displacement and load application on the 
samples. The 50mm mesh was selected as the test sample and was subjected to 
displacement rates of 0.1mm/s, 1.0mm/s, and 10mm/s. The resulting load-deflection data 
can be seen in Figure 34. It can be seen that the differences in the calculated slope of the 
load-deflection curves (bending resistance) of the three displacement rates were found to 
be similar.  
 
Figure 34: Deformation rate of Seawire 50mm mesh: The 1.0 m/s displacement rate curve is shifted along the x-axis 
compared to the other two data sample curves; this was due to the picket being already pre-deformed 
 Thus, from these results it was assumed that the deformation rate was uncorrelated 
to the materials bending resistance. Therefore, a strain rate of 0.1mm/s was chosen for the 
remainder of the experiments. 
 With the experiment operating limits defined, all mesh and single picket samples 
were tested. As seen in Figure 35, all the experimental data obtained showed significant 
trends of linearity. Therefore the bending resistance (N/mm) of each test experiment was 
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obtained by applying a linear regression to the measured data and calculating the slope of 
the curve. Limits of the regression window were prescribed to minimize noise. With the 
initial displacement not always being set to the same location for each experiment, the 
applied load was used to determine the regression window limits. These limits were chosen 
to ignore some irregular behavior observed at the initial load period of the experiment, 
mostly likely due to pre-deformed pickets settling or shifting into the mesh or supports. The 
size and location of the data windows (See Table 9) for the linear regression are prescribed 
for each mesh type.  
 
Table 9: Window parameters of linear regression for experimental four-point bending data 
 The upper window was chosen to neglect any excessive slipping of the picket/mesh 
observed in the testing device. The linear regression model, with its prescribed windows, 
was applied to the obtained experimental data (See Figure 35). 
MESH 
SAMPLE
30-20 18-12 30-20 18-12 30-20 18-12
Seawire 
(50mm Mesh)
1N - 5N 4N - 20N 1N - 5N 4N - 20N 4N - 20N 16N - 80N
Bluesteel 
(30mm Mesh)
0.25N - 1N 1N - 4N 0.25N - 1N 1N - 4N 1N - 4N 4N - 16N
UR30 
(25mm Mesh)
0.25N - 1N 1N- 4N 0.25N - 1N 1N - 4N 1N - 4N 4N - 16N
LINEAR REGRESSION WINDOW SIZE AND LOCATION CHART




Figure 35: Filtered experimental single picket bending data with linear regression window filter 
4.4.6 Linear Beam Four-Point Bending Model 
 The experimental load/deflection data curves exhibited linear behavior; thereby the 
Euler–Bernoulli linear beam theory was used to determine the picket’s material 
characteristics. Thus, a simply supported four point bending model was applied to the 
experimental data to estimate the area moment of inertias (See Figure 36).  
 
Figure 36: Simple 4-point bending diagram  
The deflection of a beam at the point of loading for a two-point loaded simply supported 
system can be shown to be: 
 
4-POINT LINEAR BEAM 
MODEL MODEL 






(3𝑎2 − 3𝐿𝑎 + 𝑎2)      [17] 
 where δL is the deflection at the point of loading, P is the applied load, Io  is the area 
moment of inertia at the origin of axes, E is the young’s modulus of copper alloy, L is the 
total span of the supports, and a is the distance from the span to load point. As previously 
stated in Section 4.3, the area moment of inertia of a picket or mesh is dented as 𝕀𝑂, 






(3𝑎2 − 3𝐿𝑎 + 𝑎2)     [18] 
 By applying Equation [18] to the bending resistance ( 
𝑃
𝛿𝐿
 ) of all the obtained 
experimental data, the area moment of inertias were calculated for both 𝕀𝑧𝑧 and 𝕀𝑦𝑦. A 
Gaussian (Normal) distributed model was applied to obtain the 95% confidence limits (i.e. 
High, Low, and Mean on Figures 37-39). It was shown that the fixed, loose, and tensioned 
mesh tests, along with fixed and loose picket tests, yielded no discernible differences. 
However, the orientation and load/support span tests produced consistent variances in the 
results. Therefore, the area moment of inertia results were grouped according to 
orientation and load/support spans. In each figure, the legend describes the picket 
orientation and load/support span distances (i.e. Picket Horz. (30-20) refers to the 
picket/mesh loaded horizontally at a 30-inch support and a 20-inch load span).     
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Figure 37: Experimental results for area moment of inertia - Bluesteel alloy (30mm mesh). The mean value shown as a 
black diamond and the 95% confidence limits shown as the blue and red bars 
 
Figure 38: Experimental results for area moment of inertia - Seawire alloy (50mm mesh). The mean value shown as a 
black diamond and the 95% confidence limits shown as the blue and red bars 
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Figure 39: Experimental results for area moment of inertia - UR30 alloy (25mm mesh) and straight wire section. The 
mean value shown as a black diamond and the 95% confidence limits shown as the blue and red bars 
 As shown in Figures 37-39, the average values between the two different 
load/support spans, showed minor differences. However, the confidence ranges 
consistently increased as the load/support spans decreases. This could have been an effect 
of the increase in the ratio between the load/support spans and the mesh’s periodic 
geometry. 
 Both the 𝕀𝑧𝑧 and 𝕀𝑦𝑦 values obtained from individual pickets were found to be 
approximately 4 times less than the four-picket mesh’s. Therefore, the resistance to 
bending of a picket was found to be linearly proportional to the number of pickets 
contained in a picket mesh. 
69 
4.5 Comparison of Analytical and Experimental Results 
  The analytical and experimental average values for 𝕀𝑧𝑧 and 𝕀𝑦𝑦 were obtained and 
compared for the three copper alloys and meshes, and straight wire section. The percent 
differences of the values were calculated and are shown in Table 10.  
 
Table 10: Area moment of inertia comparison showing experimental, analytical and % difference for each test specimen 
 The analytical and experimental values for the area moment of inertia for the single 
picket compared well, all within 17% and the 4-picket mesh within 21%. Considering all the 
simplifications in the analytical model, both methods seem to correlate well within the 
accuracies needed for this study.  











Z 1.10 0.94 -16.8% 4.39 3.82 -15.0%
Y 1.23 1.27 3.5% - - -
Z 1.10 1.04 -5.6% 4.39 3.64 -20.6%
Y 1.23 1.23 0.3% - - -
Z 2.04 2.27 -10.4% 8.12 9.08 -10.4%
Y 2.04 2.27 -10.4% - - -
Z 4.31 4.03 -7.0% 17.30 16.80 -2.7%
Y 4.83 4.61 -4.8% - - -
Seawire 50
*The mean of the 30-20 experimental results are used
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CHAPTER 5 
MSC MARC-MENTAT MODIFIED CAGE MODEL 
 In Chapter 4, the area moment of inertia of various alloys and mesh types were 
obtained using laboratory experiments. This area moment of inertia was then implemented 
into the numerical models, simulating ‘beam’ type elements that have flexural rigidity 
required to better understand copper alloy net chamber deformation from waves and 
currents. As AQUA-FE, at this time, does not have the capability of implementing the 
required ‘beam’ type elements, therefore a different FEA based software package, MSC 
Marc-Mentat, was utilized.  
 The geometric and material properties of the net pen were similar to those used in 
the 20m diameter AQUA-FE system described in Chapter 3. However, for this study, the 
vertical ‘consistent net’ elements used in the AQUA-FE models were converted to ‘beam’ 
elements, while the horizontal ‘consistent net’ elements were changed to ‘truss’ elements. 
This element configuration represents the mechanical behavior of a chain-link mesh by 
utilizing the combination of beam and truss element types. This arrangement would provide 
the necessary stiffness in the vertical direction and compliance in the horizontal. This model 
would also allow the implementation of the previously obtained experimental data (See 
Section 4.3.5) of the copper alloy mesh’s area moment of inertia. The drag coefficient data, 
mesh size, and picket diameter from the UR30 mesh was selected for use. Therefore, the 
only difference between the AQUA-FE and MSC Marc-Mentat models would be the 
incorporation of the beam elements into the net chamber. The results from this analysis 
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provided a direct comparison of the effect of bending resistance on the net volume 
deformation. 
5.1 MSC Marc-Mentat Cage Model Overview 
 The modified cage model was constructed using the same geometric nodal map 
used in the construction of the AQUA-FE models (see Section 3.3). This modified model had 
the same physical dimensions of the system analyzed in AQUA-FE.  The cage mesh consisted 
of 1969 nodes and 2960 elements and is shown in Figure 40.  
 
Figure 40: MSC Marc-Mentat modified copper-alloy cage model  
 Unlike AQUAFE, the individual load conditions (LCs) and boundary conditions (BCs) 
had to be assigned to the model in MSC Marc-Mentat. The applied load conditions included 
the gravitational forces, buoyancy forces, and fluid forces. The boundary conditions 
involved the fixed displacement points. The fixed displacement BC was applied to the end of 
the mooring line or upper collar, similar to the AQUA-FE simulations. MSC Marc-Mentat does 
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not have a built-in function to account for the change in buoyancy forces when an element 
transverses into different density mediums, such as the water to air interface. Therefore, an 
equation was developed to account for changes in the buoyant force at the air/water 
interface for an element (i.e. when a portion of the element would rise out of the water). 
The following equation was derived to insure no buoyancy force for elements inside the air 














     [19] 
where 𝜌𝐻2𝑜 is the density of the water, g is the gravitational constant, z is the vertical 
position of the element, h is the water depth, H is the wave height, x is the horizontal 
position of the element, L is the wave length, t is the reference time, and P is the wave 
period.  
 Without the option of implementing ‘stiffener’ and ‘consistent net’ element types, 
modifications to these element’s geometric and material properties, along with their 
associated dynamic load equations, were altered.  This was to mimic the elements types 
used in the AQUA-FE models and still providing similitude between the AQUA-FE and MSC 
Marc-Mentat models. The ‘stiffener elements’ used in the upper and lower collars of the 
cage were modeled as truss elements with a low mass density (0.1kg/m³) and with no 
loading conditions applied to them. Applying some finite amount of mass was required as 
MSC Marc-Mentat had instabilities when simulating a massless object. With the low mass 
density, the inertia-based forces acting on these elements were assumed to be negligible. 
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 Recall that in the AQUA-FE models, the hydrodynamic and physical properties of a 
representative net section were conserved with the use of the ‘consistent net’ element 
type. However, there is no function or element type in MSC Marc-Mentat that can mimic 
this representation. Therefore, to mimic the ‘consistent net’ element, the cross-sectional 
areas of the net elements was increased to obtain the proper applied fluid drag forces, as 
shown in the Figure 41.  
 
Figure 41: Element representation for modeling software packages 
One result of his approach was that the buoyancy forces and mass densities had to be 
modified to ensure model similitude the buoyancy, inertial-based and gravity forces. The 
following parameters were changed to maintain the hydrodynamic properties and material 
properties of the net elements: 
1. The cross-sectional area (conserving the fluid drag forces). 
2. The density (conserving the gravitational and inertial forces). 
3. And the buoyancy force equation (conserving the buoyancy forces). 
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This procedure had to be applied to each different net element type in MSC Marc-Mentat: 
the side net truss elements (Side_Truss), the side net beam elements (Side_Beam), and the 
bottom net truss elements (Bottom_Truss). The results of the new values of each net 
element type are as followed in Table 11. 
 
Table 11: New element/buoyant force values to conserve hydrodynamic forces  
 Recall the resistance to bending of the mesh is linearly proportional to the sum of 
the number of pickets in the mesh. Therefore, a section of mesh was modeled in MSC Marc-
Mentat as an individual element whose resistance to bending equals to that of sum of the 
number pickets represented in that section of mesh. With the vertical beam elements being 
modeled as cylindrical members, the bending resistance has to be unidirectional. Therefore, 
the average value of  𝕀𝑧𝑧 and 𝕀𝑦𝑦  for the UR30 mesh was used.  
5.2 Model Limitations 
 As a check to ensure the hydrodynamic properties were conserved between the 
MSC Marc-Mentat and the Aqua-FE simulated models, a comparison study was initiated. 
However, instabilities developed in the in MSC Marc-Mentat’s numeric solver when the 
Fluid Loading boundary condition was applied to the system. This condition uses a 
combination of the Airy Wave and the Morison equations to determine the appropriate 
Side_Beam 235 kg/m³ 28.9 kg/m³ 6.39 m²
Side_Truss 235 kg/m³ 28.9 kg/m³ 6.39 m²
Bottom_Truss 247 kg/m³ 30.4 kg/m³ 5.76 m²
MSC MARC/MENTAT MODIFIED ELEMENT PARAMETERS









drag and inertia loads in both wave and current environmental load conditions. It was 
determined that the prescribed inertia coefficient caused the model to have instabilities. 
The instability of the solver was bypassed by utilizing the inertia coefficient of 1. It is 
important to note that the inertia coefficient (Dean & Dalrymple, 1991) is defined as; 
𝐶𝑚 = 1 + 𝑘𝑚       [20] 
where 𝐶𝑚 is the inertia coefficient and 𝑘𝑚 is the added mass. The added mass depends on 
the shape of the object. With the all the elements in the model being circular in cross-
section, 𝑘𝑚 equals 1, thus the inertia coefficient should be 2. This discrepancy between the 
AQUA-FE and the MSC Marc-Mentat model prevented any cohesive comparison of the 
results. Therefore, an additional cage model had to be designed in MSC Marc-Mentat to 
become a comparative benchmark. The benchmark model was a copy of the MSC Marc-
Mentat model, where the beam elements in the net chamber were converted to truss 
elements. This created a direct comparative benchmark model to determine the effect of 
implementing copper alloys’ bending resistance.  
5.3 Load Cases 
 Both beam and truss MSC Marc models were analyzed under the wave and current 
events presented in Table 12. Similar wave periods and current velocities were applied. 
However, the wave height had to be reduced in load cases 6,7,10, and 11, due to 
instabilities of the model associated with excessive element movement brought on by the 
reduced inertia coefficient.  
76 
 
Table 12: MSC Marc-Mentat simulated load cases 
 The two MSC Marc-Mentat cage systems were analyzed under the modified load 
cases; along with the associated boundary conditions used in the Aqua-FE models (see 
Section 3.2 and 3.4). The simulation time was the same as the Aqua-FE models. However, 
MSC Marc-Mentat is typically not meant for simulations with large scale motion, therefore a 
time step of 0.0005 seconds had to be used to ensure proper convergence during the 
numeric simulation. 
5.4 MSC Marc-Mentat Volumetric Deformation Results 
 Using the Divergence method described in Section 3.5, the instantaneous volume 
deformation of the model net chamber was calculated. The same corresponding 305 
tracking nodes that were used in the AQUA-FE models, along with the same pre-processing 
methods were employed to determine the position in xyz global coordinates, which were 













1 V025 0.25 - - -
2 V050 0.50 - - -
3 V100 1.00 - - -
4 W05 - 5 2 39
5 W07 - 7 3 76
6 W09 - 9 3 126
7 W11 - 11 3 189
8 V100W05 1.00 5 2 39
9 V100W07 1.00 7 3 76
10 V100W09 1.00 9 3 126
11 V100W11 1.00 11 3 189
LOAD CONDITIONS
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 The volumetric results were taken during the steady-state behavior of the net 
chamber, which occurred at times ranging from 90 to 200 seconds and therefore all values 
were calculated after 200 seconds of simulation time. The volume deformation values were 
calculated as the percentage of the volume remaining at a steady state condition and are 
shown in Table 13. 
 
Table 13: MSC Marc-Mentat cage volume loss 
5.5 MSC Marc-Mentat Volumetric Deformation Discussion 
 A comparative investigation was conducted on the differences in volumetric loss 
between the traditional modeling method and a more refined model that introduces the 
structural bending behavior of the copper alloy netting. MSC Marc Mentat was adopted as 
the primary tools to simulate and analyze the dynamic and structural behavior of the gravity 
fish cages models. 
 It was shown that the implementation of the bending stiffness from the copper 
netting yielded small differences in volume (only up to 3%) compared to the model with no 
bending stiffness. This supports the idea that the ratio of beam length to resistance of 
bending is so large that the beam behaves as though it was a catenary system, as suggested 
in Section 4.1. Additionally, it can be seen that certain load cases observed volumes greater 
1 2 3 4 5 6 7 8 9 10 11
Mean …………….. 97% 93% 58% 99% 97% 95% 93% 52% 46% 47% 46%
Max ……………….. - - - 101% 102% 101% 101% 60% 70% 74% 74%
Min …………………. - - - 97% 89% 85% 77% 44% 24% 19% 17%
Mean …………….. 97% 93% 58% 99% 97% 95% 94% 52% 47% 48% 47%
Max ……………….. - - - 101% 102% 102% 101% 63% 72% 77% 74%












than 100%, likely due to the decrease of damping forces from the implementation of the 
incorrect inertia coefficient. This would result in an increase of dynamic or snap loads in the 
model, elongating the cage beyond its static value.   
The implementation of the bending stiffness from the copper netting yielded little 
differences when compared to the model with no bending stiffness. Therefore, it can be 
concluded that the implementation of the bending resistance accompanied by a copper 
alloy mesh is not essential in determining the dynamic behavior of a gravity type cage of 
this size for numerical analysis. Therefore, traditional numerical modeling techniques are 
sufficient for analyzing copper alloy cage configurations.  
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CHAPTER 6 
SMALL SCALE FESABILITY TEST CAGES  
6.1 Introduction 
 A surface, 4 bay mooring grid and two 150 cubic meter fish cages with copper alloy 
netting were designed, analyzed, fabricated, and deployed. This was a collaborative 
research effort between the International Copper Association (ICA), the University of New 
Hampshire (UNH) and Cannakale University. These systems were deployed off the coast of 
Cannakale, Turkey to create a small-scale demonstration farm to allow for cost-effective 
field experiments, such as future volumetric deformation studies, to take place. The surface 
gravity-type net chambers had an extruded octagonal shape with a diameter of 6 meters 
and net chamber depth of 5 meters. Both deployed systems were similar in design and size, 
however utilized different net chamber meshes and alloys. The first cage supported a net 
chamber fabricated by Cambridge Architectural and utilized Luvata-Appleton’s Seawire 
alloy. The second fish cage utilized a chain link mesh net chamber with an alloy developed 
by Wieland-Werke. Note that field tests were outside the scope of this research.  
6.2 Site and Environmental Conditions 
  The farm site was located one kilometer off the coast of Turkey, near the city of 
Cannakale in the Dardanelles. This site was chosen based on its location to supporting 
infrastructure. The surface currents predominately flow south to the Aegean Sea, (a counter 
flow is located near the seafloor). Maximum currents were observed to be two knots (1 
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m/s), ideal for future net chamber deformation studies. Limited wave data was available, 
however discussions with local fishermen found that the site would be subjected primarily 
to wave heights of 1.2 meters due to wind and ship wakes. Storms, occurring 5 to 6 times a 
year, would subject the site to 3-4 meter waves. 
6.3 Mooring Design  
 A four-bay surface grid mooring system was designed to secure the small-scale fish 
cages. Due to permit space limitations, a final grid bay size of 20 meter by 20 meter was 
chosen (See Figure 42). The grid design was based on that developed by Fredriksson, et al., 
2004, with the exception that surface floats were used. 
 
Figure 42: AQUAFE model of the 40m x 40m four bay mooring design 
The grid was supported 3 meters below the surface by 330N (reserve buoyancy force) 
floats. All grid and anchor lines had a diameter of 36 mm. The anchor legs had a scope of 53 
meters and were secured with a 27 meter length of 38 mm chain and plow embedment 
anchor. The system was analyzed in AQUA-FE with four small scale net chambers to insure 
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holding power and mooring integrity. The system was subjected to three loading conditions, 
as presented in Table 14. The mooring grid model component’s geometric and material 
properties are shown in Table 15. 
 
Table 14: Four-Bay Mooring Grid Load Conditions 
 











1 - 6.0 4.0 56.0
2 0.5 6.0 3.0 56.0
3 1.0 6.0 4.0 56.0
MOORING GRID LOAD CONDITIONS
MOORING PARAMETERS SIZE/PROPERTIES
Material ……………………………………… Braided Nylon Rope
Line Diameter (mm) ……………………. 36
Min. Breaking Strength (N) …………. 210,000
Density (kg/m3) …………………………… 1140
Material ……………………………………….   Steel Torus Chain
Link Diameter (mm)  ……………………. 38
Density (kg/m3)  …………………………… 8000
Material ……………………………………….  Braided Nylon Rope
Line Diameter (mm) ……………………. 24
Min. Breaking Strength (N) …………. 95,000
Density (kg/m3) …………………………… 1140
Material ………………………….…………….   Polyurethane
Volume (m3) ………………………………… 0.33
Buoyancy (kg) ………………………………. 330
Material …………………….………………….   Steel Torus Chain
Link Diameter (mm) ……………………. 22
Density (kg/m3)  …………………………… 8000
     -MOORING BUOY CHAIN-
MOORING GRID PARAMETERS
      -ANCHOR CHAIN-
     -GRID LINES-
      -CAGE LINES-
    -MOORING BUOY-
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 The mooring tensions were obtained from AQUAFE’s output and were used to insure 
proper line strength and system compliance. The mooring was deployed in early summer of 
2011.  
6.4 Cage Design 
 An octagonal shaped surface gravity fish cage was designed for the demonstration 
farm site in Turkey. Ideally, cylindrical shaped cages would be used because most stock 
species of fish tend to school in circular patterns, thus optimizing the usable working 
volume. However, an octagon shaped system was selected as the required bending radius 
of the HDPE floatation collars could not be reached. The cage system’s net chamber had an 
overall diameter (edge to edge) of 6 meters and depth of 5 meters. The floatation collar, 
which comprised of two 400mm diameter HDPE pipes, and the hand rails (110mm diameter 
HDPE pipe) were secured with 16 pre-manufactured galvanized steel bracket assemblies. 
The general dimensions of the system are shown in Figure 43. 
 
Figure 43: Small-scale demonstration cage general overview. Dimensions are shown as inch [mm] 
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This floatation pipe size provided excessive buoyancy and could have been reduced; 
however it was less expensive then manufacturing custom brackets for a small diameter 
pipe.  The system hydrostatics of the cage components are presented in Table 16. 
 
Table 16: Hydrostatics of cage system components 
 The copper alloy net chamber was attached to the floatation structure via a “net 
collar”. This connection method is similar to that employed on the submersible design 
developed in the Chilean cage construction report (Celikkol, Drach, Tsukrov, DeCew, & 
Swift, 2010). The net collar was supported via an attachable galvanized steel support brace, 








Floatation Collar …………… 900 5.00 4230
Net Collar ……………………… 105 0.19 90
Hand Rail ……………………… 105 - -105
Bracket Assembly ………… 560 0.02 -560
Net Chamber ……………….. 550 0.07 -480
Lower Collar ………………… 115 0.01 -100




Figure 44: Galvanized steel pipe bracket with net collar brace 
 To prevent galvanic corrosion between the galvanized steel bracket and the copper 
netting, HDPE sleeves were designed to cover the exposed steel of the lower bracket to 
prevent any unwanted contact (see Figure 45).   
 
Figure 45: Galvanized steel lower brace with HDPE sleeves 
 An analytical and finite element based analysis, examining the integrity of the cage 
system, was conducted similar to that as performed in the Chilean cage construction report 
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(Celikkol, Drach, Tsukrov, DeCew, & Swift, 2010) but was not included for brevity. The basic 
cage model component’s geometric and material properties are supplied in Table 17. 
Drawings of the components can be found in Appendix D.   
 
Table 17: Cage design parameters 
6.5 Wieland-Werke Net Mesh Cage Construction 
 The following section describes the chorological steps that were taken in the 
assembly and deployment process of the designed fish cage. For brevity, this section only 
CAGE PARAMETERS SIZE/PROPERTIES
Material …………………………………………. HDPE
Pipe Wall Thickness (mm) …………….. 19.1
Pipe Diameter (mm) …………………….. 2x400
Collar Diameter (m) ……………………... 6
Material ………………………………………….   Galvanized Steel
Wall Thickness (mm) …………………….. 6
Material ………………………………………….   HDPE
Pipe Wall Thickness (mm) …………….. 18.3
Pipe Diameter (mm) …………………….. 110
Material ………………………………………….  HDPE
Pipe Wall Thickness (mm) …………….. 18.3
Collar Diameter (m)  ……………………… 6
Material ………………………………………….   Bluesteel
Mass per Unit Area (kg/m2) …………… 3.67
Twine/ Wire Diameter (mm) …………. 2.54
Mesh Opening (mm) 30
Material ………………………………………….   Bluesteel
Pipe Wall Thickness (mm) …………….. 1.9
Pipe Diameter (mm) …………………….. 60.3
Mass per Unit Length (kg/m) ……….. 5.75
     -LOWER SUPPORT COLLAR-
CAGE PARAMETERS
     -FLOATATION COLLAR-
     -SUPPORT BRACKET-
     -HAND RAIL-
     -UPPER SUPPORT COLLAR-
     -NET CHAMBER-
86 
describes the assembly and deployment of cage utilizing the “chain-link” copper alloy mesh 
provided by Wieland-Werke. A construction and installation manual was written for this 
cage and is presented in Appendix E. 
6.5.1 August 12, 2011 
 The net panel mesh fabricated by Wieland-Werke was unpacked and laid out for 
construction of the bottom panel. The net chamber bottom panel was first assembled. A 6-
meter length of the 2.5-meter-wide mesh was positioned near the cage frame. Then two 
sections of the 1.74 meter wide mesh was positioned on each side of the wider section of 
mesh (see Figure 46).  
 
Figure 46: One 2.5 meter and two 1.75 meter net section for bottom panel 
The adjacent edges of the three net sections were outlined with straight wire, which was 
done by weaving the straight wire into the mesh (see Figure 47). 
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Figure 47: Straight outline for the panel edges 
Next, the net panels were secured together with helical wire coils by knitting the adjacent 
edges together. Care was taken to ensure the coil went around both straight wires and 
associated fence knuckles (see Figure 48). 
 
Figure 48: Spiral wire for the attachment of two panels 
The corners of the fabricated square bottom panel were removed to create the necessary 
octagonal shape (see Figure 49). The edges of octagonal panel were then outlined with 
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straight wire and the exposed ends of the cut wire were then knuckled over the outline 
wire.  
  
Figure 49: Cutting of the four corners of the bottom panel 
Next, the side panels were organized where each side panel consisted of two sections of 
2.5-meter length mesh. The sixteen mesh sections were cut from the remaining rolls of 
material.  Two sections, that would form a side panel, were laid out radially along the sides 
of the octagonal bottom panel. The side panels were oriented so that the salvaged edge 
was “horizontal” in the deployed configuration. The top and bottom edges of the mesh 
panels were then outlined with straight wire. The lower portion of the side panels were 
then attached to the bottom panel using the helical coils, similar to that was utilized in the 
bottom panel assembly (see Figure 50). 
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Figure 50: The side panels laid out radially from bottom panel 
Working in parallel, the lower rim was sized. The lower rim composed of eight lengths of 
straight 6-centimeter diameter copper alloy pipe and eight respective 45-degree elbows. 
Each straight pipe was inserted into a respective elbow. A hole was drilled through both 
components and secured with a loop of straight wire (see Figure 51). 
 
Figure 51: Each straight pipe length attached to its respective elbow 
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6.5.2 August 13, 2011 
 The top portion of the side panels were attached to the lower portion using helical 
coils (see Figure 52). 
 
Figure 52: The attachment of the bottom and top halves of the side panels 
Once this was complete, each completed side panel was folded, one at a time, into the 
center of the cage. As each panel was folded inwards, the adjacent panels were connected 
together along “its vertical edge” via two lengths of bent wire. This step was repeated for 7 
of the 8 sides (See Figure 53).  
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Figure 53: The side panels are folded and attachment 
The remaining side was finished the following day.  It is important to note that having side 
panels consisting of 2 sections of mesh increased the time and complexity of assembling the 
net chamber (the straight and helical wire restricted the netting from compressing 
laterally). 
  Next, the bottom rim pipe sections were fitted to the net chamber and were 
measured and cut to proper length. The pipes needed to be cut because the elbows had a 
larger bending curvature than anticipated. The pipes were then drilled and connected 
together. The lower rim was then attached to the bottom of the net chamber with double 
loops that encompassed the perimeter of the net chamber. The double loops were placed 
approximately every 20cm along the length of the pipes (see Figure 54). 
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Figure 54: Double loop ties placed every 20cm on the bottom net rim 
6.5.3 August 14, 2011 
 The final side panel seam was secured using the same method as discussed 
previously. At this stage, the entire net chamber was formed.  To prepare for attaching the 
net to the upper rim, the top of the net chamber was aligned to rest on top of the 
remaining net. This was accomplished by folding the net on top of itself (see Figure 55).  
 
Figure 55: Side panels are folded to align the two last edges    
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Similar to the previous system, the HDPE insulators were not made to specification. 
Therefore, certain sections were taped to insure that the copper alloy material would not 
come in contact with the steel brackets (see Figure 56).    
 
Figure 56: Insulating tape coving exposed metal to prevent galvanic corrosion  
The top pipe assembly was then lifted approximately one meter off the ground over the net 
chamber with a crane, allowing the top edge of the net chamber to be secured. The net 
chamber was then attached using double loop ties every 20cm around the entire parameter 
(see Figure 57). 
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Figure 57: The net chamber being attached to the top pipe assembly 
 Additional wire mending was required at the intersections of the seam in the side 
panels (see Figure 58). To reinforce this area, lengths of straight wire were fed through the 
mesh and tied off.  
 
Figure 58: Seams between the side panels after mending 
The cage was then prepped for deployment. The system was raised; bridle lines were placed 
under the cage, the system lowered and was closed-coupled for deployment. 
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Figure 59: The completed Wieland-Werke mesh cage being raised for last check for holes or defects 
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6.5.4 August 15, 2011 
 Once the cage construction was completed, the closed-coupled cage was lifted off 
the pier by the main deployment crane and lowered into the water (see Figure 60).  The 
cage was towed from the pier out to the mooring grid site. This was done by a single tow 
line attached to a towing vessel (see Figure 61).  
 
Figure 60: The cage being deployed into the water 
 
Figure 61: The cage being towed to the mooring site 
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Once the cage was transported to the site, the cage was rigged into the mooring grid at 
eight points (see Figure 62). An additional HDPE surface support boat was needed to help 
guide the cage and the crew. Each cage line was wrapped and tied to the floatation pipes on 
the cage in a figure eight fashion.  
 




 The expansion of aquaculture to off-shore, energetic locations can be a large 
concern. These sites can deform non-rigid aquaculture fish cages to the point which the 
reduction of the cage’s containment volume can severely impact the health of the stocked 
fish. Copper alloy nets are a possible alternative to traditional nylon containment netting 
due to its biofouling resistance. This study was performed to determine the alloys’ 
effectiveness on reducing the volumetric deformation of a gravity type aquaculture cage 
system.  
 The numerical modeling software package, AQUA-FE was first employed to predict 
and compare the dynamic and structural behavior of gravity fish cages outfitted with 
traditional nylon and copper alloy netting. These simulations assumed that both nylon and 
copper net chambers had no bending resistance. Two additional net chamber 
configurations were modeled to isolate the major parameters that influence the net 
chambers dynamic behavior: the total mass, the drag coefficient, and the evenly distributed 
mass components for the net chamber. The results of the simulations showed the following 
results:  
• Increasing the mass of the net chamber significantly reduced the volume loss by 
increasing the restorative forces in the net chamber. The copper alloy net chamber 
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showed significant improvements up to a 44% increase in the volume loss for a 53% 
increase in the lower rim mass was found. 
• The evenly distributed mass of copper alloy nets contributed to a 64% increase in 
the volume loss when compared to weighted lower rims used for nylon net.  
•  The most significant impact in reducing the volume loss, was found to be the lower 
drag coefficient associated with the copper alloy, which decreased the volume loss 
by 83%. 
However, these observations were primarily observed for the load cases involving steady 
currents (LC 1-3 and 8-11). The ‘wave only’ load cases (LC 4-7) were shown to have little 
variation in the volume loss regardless of the net chamber configurations.  In conclusion, 
the copper alloy net chamber compared to a nylon net chamber has two significant 
improvements to decrease the volume loss. These two parameters were found to be the 
decrease in the drag coefficient of the mesh and increase in the mass in the net chamber.  
 Next, the copper alloys’ structural bending resistance was identified, and 
incorporated additional FEA models. Analytical models were generated, and laboratory 
experiments were conducted to determine the resistance to bending of three different 
copper alloys and mesh configurations. The mechanical behavior of the mesh was 
investigated by utilizing a four-point bending test configuration. The laboratory results 
produced the following observations: 
• Picket to picket interaction in a mesh, along with the deformation rate, yielded no 
significant changes in the bending resistance. 
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• Variations in a picket’s bending resistance were found in the horizontal and vertical 
orientations. The vertical orientation had an increase of bending resistance to the 
horizontal orientation of 59%, 14%, and 18% for the Bluesteel, Seawire, and the 
UR30 mesh, respectively. 
• A mesh’s area moment of inertia was shown to have a linear relationship to the 
number of pickets in mesh. 
• The simple analytical model was also shown to correlate well with the laboratory 
results (within 17% for individual picket and 21% for the 4-picket mesh). 
 In conclusion, the mechanical behavior of a mesh showed nearly identical results to that of 
an isolated picket. Therefore, the area moment of inertia of a net chamber can be simulated 
as “multiple individual pickets” and be represented as simplified beam member.      
 MSC Marc-Mentat was utilized as the primary tool to simulate and analyze the 
dynamic and structural behavior of the copper alloy’s bending resistance in the cage 
subjected to waves and currents. Differences in the fluid loading inertia coefficient 
prevented any comparison to the AQUA-FE models. However, a sensitivity study was 
conducted using MSC Marc-Mentat and showed that the implementation of copper alloy’s 
mechanical property yielded little volumetric differences when compared to the model with 
no bending stiffness. Thus, the installment of the bending resistance of copper alloys into a 
numeric model yielded no significant benefit for determining the volume deformation.  
 To support future field experiments, two gravity type fish cages with copper alloy 
nets were designed, constructed, and deployed at a research site off the coast of Turkey. 
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The octagonal cages were both 6 meters in diameter and 5 meters in depth. One cage 
utilized Luvata-Appleton’s Seawire alloy in a ‘weave’ mesh configuration while the other 
used Wieland-Werke’s Bluesteel alloy in a ‘chain-link’ mesh configuration. It was shown 
with proper utilities and experience, integrating copper alloy netting into a gravity cage 
setup is a feasible alternative to nylon netting for construction and deployment.  
7.1 Future Work  
Over the course of this research effort, several topics of future research were 
identified. During the laboratory testing, the results from the bending test for the four-
picket mesh configuration were found to produce relatively high margins of error.  An 
increase of pickets within the mesh, along with specimen length could help resolve those 
discrepancies in the data. Alternately, other experimental methods could be used to 
determine the mesh’s mechanical properties, such as FEA analysis. The analytical model 
that was utilized could also be more refined to reduce the difference in error to the 
experimental data.  
In the MSC Marc-Mentat simulations, recall that the inertia coefficient had to be set 
to 1. This was due to fluid loading instabilities within the software package.  This could be 
remedied by introducing self-prescribed fluid loading conditions similar that was applied for 
the buoyancy forces or using an alternative finite element software package. This would 
determine if the alteration to the inertia coefficient has any significant effect on the 
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APPENDIX A:  
PTC MATHCAD –  AQUACULTURE MODEL CAGE CALCULATIONS 
 The following document describes the process of determining the model cage 








APPENDIX B:  
MATHWORKS MATLAB VOLUME DEFORMATION SCRIPT  
 The follow scripts were written in Matlab R2011a to determine the instantaneous 












APPENDIX C:  
TECHNICAL DESIGN DRAWINGS OF THE FOUR BENDING FRAME  
 The follow technical drawings are of the four point bending frames that were 
utilized in the Instron testing machine to determine the resistance to bending of the copper 






APPENDIX D:  
TECHNICAL DRAWINGS AND CALCULATIONS OF TURKISH 
AQUACULTURE CAGE 
 The following drawing schematics are of the aquaculture fish cage deployed in 
Cannakale, Turkey. Off the shelf product technical drawings are not present, such as the 
Upper Support Pipe Bracket and the chain-link mesh. The buoyancy calculations for each of 










APPENDIX E:  
NET CHAMBER ASSEMBLY AND CAGE ATTACHMENT PLAN  
 The following document was design to help facilitate the construction and 
deployment of an aquaculture fish cage utilizing copper alloy nets in Cannakale, Turkey. This 
brief step by step plan describes the techniques and process used to construct an octagon 
net chamber that is six meters in diameter and five meter deep utilizing a “chain-link” 
copper alloy mesh. This document is meant as a guide and describes a particular method 
which may or may not be an optimal one.  
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